The compounds MNi 21 B 20 (M = In, Sn) have been synthesized and their cubic crystal structure determined (space group Pm3m, lattice parameters a = 7.1730(1) Å and a = 7.1834(1) Å, respectively). The structure can be described as a hierarchical partitioning of space based on a reo-e net formed by Ni3 species with large cubical, cuboctahedral and rhombicuboctahedral voids being filled according to 
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Introduction
Metal-borides feature a perplexing variety of crystal structures. Numerous and systematic studies suggest that saturation of the valence requirements of the electron-deficient boron constituent is the actual driving force of this complexity. [1] [2] [3] In borides, the complexity of boron-based structural units often depends on metal-to-boron ratios, resulting in formation of one-, two-, and three-dimensional arrangements of covalently bonded boron atoms. 1, [3] [4] [5] [6] [7] [8] [9] [10] Boron-rich materials mostly exhibit a three-dimensional boron partial structure formed by interlinked boron clusters. 3, 11, 12 Two-dimensional boron networks in turn can be often observed at intermediate metal-to-boron ratios between 3/2 and 2, 3,13,14 whereas, with decreasing boron content, separated chains or rings and, further, isolated boron atoms prevail. [15] [16] [17] [18] [19] Therefore, studying the phase diagram at intermediate compositions enables one to follow the structural evolution of and bonding interactions between boron aggregates and metal framework observed in complex intermetallic compounds. The recently discovered compounds MNi 9 B 8 (M = Al, Ga) 20 represent this structural complexity in an instructive way. There, networks composed of puckered [B 16 ] rings embed arrays of interlinked [M@Ni 12 ] clusters. This extremely unusual crystal structure prompted us to search for isotypic compounds com- In this study, we report on the synthesis, crystal structure, chemical bonding and physical properties of MNi 21 B 20 (M = In, Sn) and place these compounds into context with structurally related metal-rich borides Zn 2 Ni 21 B 20 and Cr 23 C 6 derivatives.
Single crystal XRD data for SnNi 21 B 20 were collected on a Rigaku AFC 7 diffraction system equipped with a Saturn 724+ CCD using Mo K α radiation (λ = 0.71073 Å). A multi-scan procedure was used for absorption corrections.
Since for both compounds, SnNi 21 B 20 and InNi 21 B 20 , no single crystals of sufficient quality could be obtained, fine powders of both samples with particle size <20 μm were filled and sealed in quartz capillaries (ϕ = 0.5 mm) for high-resolution synchrotron powder XRD experiments. The data were collected at the high-resolution beamline ID22 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, equipped with a multianalyzer stage with nine detectors and Si (111) monochromator (λ = 0.40073 Å, scan step of 0.002°, 1°≤ 2θ ≤ 40°). Low temperature data were also collected at 100 K and 80 K for SnNi 21 B 20 and InNi 21 B 20 , respectively.
For the crystal structure solutions and refinements a direct phase determination method and a full-pattern fitting ( powder data) or full-matrix least-square (single-crystal data) procedures were used within WinCSD program package, respectively. 24 
Metallography
Small pieces were embedded in a conductive resin and then submitted to multistep grinding and polishing processes with final polishing using 0.25 μm diamond powder. The microstructure was investigated on a light-optical microscope (Axioplan2, Zeiss) as well as a field emission scanning electron microscope (JSM-7800F, JEOL). The composition of the observed phase was analyzed by energy dispersive X-ray spectroscopy (EDXS, Quantax 400 EDSX system, Silicon drift detector, Bruker) and wavelength dispersive X-ray spectroscopy (WDXS, SX100, Cameca) using B K α , Ni K α , Sn L α , and In L α signals and Ni 3 B, Sn and InP as standards. The Sn : Ni and In : Ni atomic ratios of the target phases from EDXS were measured to be 1.00(2) : 21.07(2), and 1.00(2) : 21.12(2), respectively. Their compositions from WDXS were measured to be Sn 3.3(1) Ni 51.9(9) B 44.8(9) , In 2.6(1) Ni 52.6(9) B 44.8(9) , respectively. All values are very close to the ones obtained from crystal structure determination.
Transmission electron microscopy (TEM). Electron diffraction and STEM observations for SnNi 21 B 20 were carried out on a field-emission FEI Tecnai G2 F20 at 200 kV and an aberration-corrected FEI Titan, respectively. Z-Contrast HAADF imaging was performed with a probe convergence angle of 30 mrad and an inner collection angle of 60 mrad. HAADF image simulation was carried out within the QSTEM software package. 25 Electronic structure calculations. The electronic structure for SnNi 21 A-B are obtained from the ratio between 3-center delocalization and 2-center localization of the bond charge A-B. 
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Physical properties. Temperature-dependent magnetization data of polycrystalline MNi 21 B 20 were measured in a SQUID magnetometer (MPMS XL-7, Quantum Design) in external fields μ 0 H from 2 mT to 7 T in the temperature range of 1.8-350 K. The electrical resistivity measurements were performed using a four-point AC method between 1.8 and 320 K on a commercial PPMS system (Quantum Design). Heat capacity was measured by means of a relaxation-type calorimeter on PPMS in the temperature range 1.8-320 K.
Results and discussion
Crystal structure determination Table S2 in the ESI. ‡ However, when additional B atoms were placed at this position, the displacement parameters of B atoms became quite large, indicating that this position should remain unoccupied. This was undoubtedly confirmed by the refinement of the occupation parameter for this position.
Final atomic coordinates and anisotropic atomic displacement parameters for the two compounds at 293 K are listed in Table 2 , and interatomic distances are listed in Table S1 in the ESI. ‡ Corresponding atomic coordinates and anisotropic atomic displacement parameters at 100 K and 80 K are listed in Table S3 in the ESI. ‡ Despite many efforts, a very small single crystal of moderate quality could be found only for SnNi 21 B 20 for single crystal XRD experiment, while no single crystals could be obtained for InNi 21 B 20 . Details on XRD data collection for SnNi 21 B 20 are listed in Table S4 in the ESI. ‡ The refined structural model is in good agreement with that obtained from the synchrotron powder XRD data. Final atomic coordinates and anisotropic atomic displacement parameters are listed in Table S5 in the Fig. 2b , respectively, which is consistent with the simulated images using the structure model solved from synchrotron diffraction data. Moreover, the HAADF images along these two directions also reveal no superstructure formations and defects in SnNi 21 B 20 .
Crystal structure discussion. The framework of the structure can be formally described by a hierarchical space partitioning based on the Ni3 atomic species occupying Wyckoff position 12i (x x 0) in SG Pm3m. For the ideal case of x = (2 + √2) −1 ≈ 0.2929 the resulting network represents one of 28 possible uniform partitions of 3-dimensional space, which is based on purely mathematical work dating back to Andreini in 1907 43 and subsequently completed and extended. [44] [45] [46] The network corresponds to number 9 of Grünbaum's original enumeration 45 and has been named "reo-e" in the Reticular Chemistry Structure Resource database. 47, 48 The actual positions of Ni3 atoms with x = 0.28764(6) and 0.28891(7) for M = In, Sn, respectively, slightly deviate from the ideal value, but still lead to a Ni3 network exclusively consisting of interconnected cubes, cuboctahedra and rhombicuboctadra with certain deviations from their ideal Platonic or Archimedean shapes. These polyhedra represent the voids in the Ni3 network, that are found to be filled in a specific way in MNi 21 (4) are rather similar. This supports the trigonal prismatic coordination assignment. Moreover, distances d(Ni2-Ni2) = 2.72 Å inside the Ni2 6 octahedron are comparable to distances between the inner Ni2 and the outer Ni3 shell, with d(Ni2-Ni3) = 2.72 Å. They are even slightly shorter than the distances d(Ni3-Ni3) = 2.94 Å within the Ni3 framework but longer than the shortest Ni-Ni distances d(Ni1-Ni3) = 2.57 Å. This clearly shows that the interconnecting Ni matrix is not just formed from Ni3 atoms, but includes all Ni atoms of the structure. The most conspicuous feature concerns the distance d(B1-B2) = 1.77 Å, which is rather long for a 2c-2e B-B bond and more comparable to those in deltahedral boron clusters with 3-center bonding although the homoatomic coordination number is only 2 or 3 for B2 and B1, respectively. However, elongated B-B distances are a common feature in intermetallic borides even if they do not display deltahedral boron clusters. This aspect is investigated in detail by analysis of atomic interactions.
Electronic structure and chemical bonding
The optimized structure displays only small deviations from the experimental one, which points to a faithful representation of the electronic structure by the chosen DFT/PBE method. The calculated density of states DOS (ELK code, Fig. 6 ) displays a small pseudo gap close to the Fermi energy E F (set to 0 eV), where DOS(E F ) = 22 states per eV per cell. Decomposition of the total DOS in terms of atomic muffin-tin contributions ( pDOS) shows the dominating contributions of Ni 3d states in the region around E F . Calculation of the center of gravity for each component pDOS yields an energetic sequence value of −6.8 eV and −6.5 eV for B1 and B2, respectively, which correlates with the corresponding number of homoatomic neighbors of each B species, namely 3 and 2. Similar to previous results 20 this is considered a hint on the homoatomic interaction being energetically dominating one for the B atoms. Application of this procedure to the Ni atoms' pDOS yields center of gravity values of −2.3 eV, −2.5 eV, and −2.3 eV for Ni1, Ni2, Ni3, respectively. Given the optimized average distances Ni-B 2.03 Å, 2. Rochow electronegativities 2.0 (B) > 1.8 (Ni) > 1.7 (Sn), although the differences are very small. The boron species display rather small negative effective charges, which look too small to represent a Zintl anion with clear homoatomic 2-center bonds. This issue is clarified in the following analysis employing the electron localizability indicator on the one hand and two-and three-center delocalization indices between QTAIM atoms on the other hand. The ELI-D distribution (Fig. 7b ) yields only three types of local maxima (attractors) in the valence region. For each B1-B2 contact (d(B1-B2) exp. = 1.77 Å) an attractor lies very close to the internuclear line (light brown localization domains in Fig. 7b ). The associated ELI-D basin for the B1-B2 bond attractor displays a population of 3.00 electrons. ELI-D/QTAIM basin intersection reveals that 1.08 and 0.97 e belong to QTAIM atoms B1 and B2, respectively, and the remaining 0.96 e are contributed by 4 neighboring nickel QTAIM atoms 2Ni2 + 2Ni3 (Fig. 7c) spanning the common rectangular face between both [B@Ni 6 ] trigonal prisms. With this bond basin's effective atomicity of 6 (2B + 4Ni) the situation can be interpreted as a B 2 Ni 4 multicenter bonding scenario. Even deeper insight will be gained below from the analysis of 3-center DIs and bond G values. Each Ni2 atom being located in the center of the [B 8 ] ring takes part in 8 such bonds, each Ni3 atom in 4 such bonds.
The second type of ELI-D attractor is found on the internuclear line B2-Ni1 with d(B2-Ni1) exp. = 2.16 Å (Fig. 7b,  magenta-colored localization domains) . The associated ELI-D basin displays a population of 2.50 electrons, which can be decomposed into 1.17 e from B2, 1.32 e from 1 Ni1 (0.59 e) and 4 × 0.18 e from 4 Ni3 atoms. With an effective atomicity of 6 (1 B + 5 Ni) this basin describes a BNi 5 multicenter bonding scenario (Fig. 7d) . Each Nil atom takes only part in 4 B2-Ni1 bonds, while each Ni3 atom takes part in 4 B2-Ni1 bonds and 4 B1-B2 bonds.
The third type of ELI-D attractor arises from Sn-Ni3 bonding (d(Sn-Ni3) exp. = 2.94 Å). The endohedral Sn atoms display a nearly spherical ELI-D distribution with a comparably low value of the structuring index 32 of ε ≈ 0.01 for this basin set, which characterizes weak bonding but with a large number of 12 partners. The 24 attractors occur in triangles pointing to the corresponding 3 Ni3 atoms of the 8 trigonal faces of the [Ni3 12 ] cuboctahedron (grey localization domains in Fig. 7b containing 3 attractors) . Each of the associated 24 basins is populated by 0.24 electrons. ELI-D/QTAIM intersection reveals them to represent effectively (1 Sn + 1 Ni3)-diatomic polar bonds, with 0.14 e belonging to QTAIM Sn and 1.76 Å) observed also for the deltahedral bonds in hexaborides. 41 Decomposition of G(B1, B2) into a sum of all three- center contributions reveals that four similar 3c-DIs of type δ(B1, B2, Ni) play the dominant role. The four Ni atoms involved are just those 2Ni2 and 2Ni3 atoms already identified above with the ELID/QTAIM basin intersection method. They form the surrounding rectangular face of the condensed [B@Ni 6 ] trigonal prisms ( Fig. 5b and c) . With their contributions to G(B1, B2) summing up to 71% of the total value they represent the main delocalization channel of the B1-B2 bond. Thus, the B1-B2 contact represents four nested 3-center bonds B-B-Ni. Boron species B1 features three, species B2 two of such contacts. Ni-B bonding is characterized by nearest-neighbor DIs ranging from δ(Ni1, B) = 0. According to the ELI-D/QTAIM intersection method, the endohedral Sn atoms form polar bonds Sn-Ni without evidence for dominating multicenter bonding. This is corroborated by the DI analysis, which yields δ(Sn, Ni) = 0.24 with G(Sn, Ni) = 0.41 being still in the 2-center regime. The sum over all 12 Sn-Ni DIs reveals that 2.9 bonds are effectively formed in total between Sn and the Ni cage atoms.
Physical properties. The molar magnetic susceptibility of SnNi 21 B 20 and InNi 21 B 20 in an external field of μ 0 H = 7.0 T is shown in Fig. 8a, 55 The electrical resistivity as a function of temperatureρ(T ) of SnNi 21 B 20 and InNi 21 B 20 (Fig. 8b and Fig. S1b in the ESI ‡) shows typical metallic characteristics in accordance with the electronic structure calculations (residual resistivity ρ 0 and the room temperature resistivity ρ(300 K) as well as calculated RRR values are summarized in Table S6 ‡. Temperature-dependent heat capacity c p (T ) for SnNi 21 Table S6 . ‡
Conclusions
New borides MNi 21 B 20 (M = In, Sn) were synthesized and their crystal structures were solved from synchrotron powder X-ray diffraction data. The cubic crystal structure can be related to a uniform 3D tiling of space by cuboctahedra, cubes and rhombicuboctahedra, i. leading to 3 and 2-bonded B species, respectively. 12 ] atoms display polar covalent bonds M-Ni, with a small effective bond order leading in sum to a significant number of 2.9 covalent bonds formed between Sn and the Ni cage. The electronic structure reveals them to be metals, which was corroborated by physical properties measurements indicating metallic conductivity as well as Pauli paramagnetism.
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